An Al-7%Si alloy was severely deformed by equal channel angular pressing (ECAP) to study the refinement of the microstructure and associated changes of mechanical properties. The initial coarse dendritic structure was broken into an elongated sub-micron grain/subgrain structure, with high dislocation density, and distributed fine Si particles. The Si particles in the composite are seen to induce a high dislocation density during deformation and lead to faster structural refinement than in a monolithic alloy with the same composition as the matrix. The additional strengthening of the composite relative to the monolithic alloy is due to both the finer grain size and the high retained dislocation density. Severe plastic deformation leads also to an improvement of the ductility of the strong material due to the refinement of both matrix microstructure and the Si particles.
Introduction
Al-Si alloys are widely used because of their low density, good castability and high strength at elevated temperatures. They suffer, however, from low ductility or toughness, which limits their use to applications where these properties are not important. There has been a continuous effort over the past years to enhance mechanical properties by changing solidification conditions, additional heat treatments, or introducing alloying elements to modify Si particle morphology [1] .
Modifications of microstructure are also possible by severe plastic deformation, for example by ECAP, which has been extensively studied on single phase metals and alloys [2] [3] [4] [5] [6] [7] [8] [9] [10] .
Structural refinement by the creation of intense dislocation substructures has been well documented, as well as the improvement in strength that is achieved. The role of second phase particles during severe plastic deformation has been much less examined, although some studies have shown that particle shearing or even dissolution may sometimes be possible [11] [12] [13] [14] [15] [16] . The role of large particles in accelerating structural refinement has been demonstrated, based on the formation of large strain and misorientation gradients in the matrix close to these particles [17] [18] [19] .
A small amount of work has been reported on the influence of severe plastic deformation, by a rotary-die ECAP method, on Al-Si alloys containing large amounts of Si (typically [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] wt%Si) [20] [21] [22] [23] . This work has shown that it is possible to refine the size of the Si particles, from tens of microns typical of the as-cast state to several microns, by severe deformation, and this leads to a large improvement in ductility, toughness, and wear resistance.
Surprisingly little strengthening was, however, reported in such studies, despite some refinement of grain size as well as of the Si particles present.
The present study sets out to follow in detail the microstructure evolution, both Si particle refinement as well as structural changes in the Al matrix, during the severe plastic deformation by ECAP of a hypoeutectic Al-7wt%Si alloy. Changes in mechanical behaviour observed after severe plastic deformation are examined in terms of the microstructure evolution taking account of changes to the matrix (dislocations and boundaries) as well as changes to the Si particle distribution.
Experimental Details
A hypoeutectic Al-7%Si (weight percent is used throughout, unless specifically indicated otherwise) alloy was prepared from commercially pure Al and Si, melting under protective atmosphere and casting into bars of 35 mm diameter. Bars of commercially pure Al and of Al-0.5%Si were also cast as reference materials. The alloy with 0.5%Si was chosen as the same composition as the matrix in the Al-7%Si composite once Si particles separated out during solidification, to evaluate the behaviour of the matrix in the absence of such particles. These bars were machined into cylinders 20 mm in diameter and 60 mm long for ECAP processing at room temperature. ECAP was carried out by pressing through a die with angle of 118-120º, producing a true strain of 0.7. Details of processing conditions are given elsewhere [7] .
Repeated pressing used the so-called route A [3, 4] , whereby there is no rotation of sample between passes. Samples were processed, at room temperature, up to ten passes, corresponding to a total strain of 7.
Microstructures were examined by scanning electron microscopy (SEM) using a JEOL 6500FX instrument and by transmission electron microscopy (TEM) using a JEOL 2010 instrument. Polished sections and thin foil samples were prepared by electropolishing using 5% perchloric acid in methanol at 0ºC and 20V. The longitudinal section was examined, i.e. the observation direction was perpendicular to the inlet and outlet ECAP cylinder axes such that the extent of microstructural elongation was clearly visible [7] .
Quantitative image analysis was carried out to measure the evolution of Si particle size and matrix grain size during successive ECAP passes. For the statistical measurements of grain size (grain width and length) between 500 and 1000 grains were measured from SEM images obtained using back-scattered electrons and electron channeling contrast. From the histograms obtained, the median value (defined as that where 50% of the grains were larger and smaller) was taken for the corresponding width and length of the grains. This procedure was also used for the measurements of the Si particles, measuring at least 500 particles in each case.
Measurements of dislocation density inside the boundaries of heavily deformed samples were also made on typical transmission electron micrographs, imaging generally in bright field, and estimating foil thickness from the identified diffraction vector and counting the number of fringes at the boundaries.
For evaluation of mechanical properties of the cast and severely deformed samples, tensile and compression testing was performed, using a universal testing machine at a strain rate of 4 x 10 -4 s -1 . For the compression tests, cylinders 3 mm in diameter and 5 mm in height were used and samples were taken such that the compression axis was the same as the observation direction of microstructural examination. The tensile samples were also cylindrical, with gauges of 3 mm diameter and 20 mm length, that were machined with the tensile axis perpendicular to the observation direction, and along the ECAP sample axis direction (i.e inlet and outlet direction). At least three samples were tested in each case.
Results

Microstructural evolution during severe deformation
The as-cast Al-7%Si exhibited a typical hypoeutectic solidification structure, consisting of primary aluminium dendrites and interdendritic networks of lamellar eutectic silicon (see Fig.   1a ). Fe impurities in the alloy led to the formation of a small amount (less than 0.5% by volume) of β-(Al 5 FeSi) particles. The dendrite arms defined solidification cells of size about 25 μm, with Si particles, average size 3.8 μm wide and 6.2 μm long, present in the interdendritic region with a volume fraction of 9%. for as-cast material and after ten ECAP passes respectively, while the average particle sizes measured are given in Table 1 .
Matrix grain microstructures after severe deformation of the Al-7%Si alloy are illustrated in the SEM images of Fig. 2 , obtained by crystallographic contrast using backscattered electrons,
with average values of grain/subgrain size, width and length, listed in Table 1 . Fig. 2a illustrates an example of the microstructure after one ECAP pass, where the initial 500 μm spot patterns, to be responsible for the increase in crystallographic contrast observed in the SEM images. Fig.3c shows the grains observed after ten ECAP passes, which now have a smaller width and length than after smaller amounts of strain. This is also seen in Table 1 where we note that the most important change observed with increasing strain was the decrease of both width and length of the grains, rapidly for the initial strains and more slowly at higher strain levels; the grain aspect ratio (length divided by width) remains relatively constant. It may also be noted in Fig. 3 that the dislocations inside the subgrains/grains show some tendency to arrange as loose cell walls, but are generally rather uniformly and randomly distributed.
During the initial stages of deformation, there is an increase in the density of boundaries of low misorientation, with more-widely separated intense boundaries (at microbands or heavy dislocation walls) subdividing the initial large grains into small regions. At higher strains the density of the intense boundaries approaches that of the lower misorientation boundaries, and so the grain size reduces close to the level of the cell boundaries, which become sparser inside the grains. This general description of microstructure evolution during heavy deformation [23, 24] is consistent with the evolution of the histograms of grain size (length or width), as shown in Fig. 4 : after small amounts of strain the boundary distribution is more inhomogeneous, with many low misorientation and few high misorientation boundaries, giving rise to a wide histogram of sizes; after progressively higher amounts of strain the boundary distribution becomes narrower as cell boundary spacing approaches that of the higher angle grain boundaries, and the histogram tail at large grain size fades away.
TEM observations of the severely deformed microstructures, see showing intermixed regions of well-defined subgrains/shear bands and regions of weak cellular contrast, and higher strain levels are required to obtain the uniform elongated subgrain/grain microstructure. Even after the highest imposed strain the grain size achieved in the Al-0.5%Si alloy remains much larger (290 nm width) than that measured in the Al-7%Si material (170nm width) and similar to that of the heavily deformed aluminium (see Table 2 ). Figure 7 shows TEM micrographs comparing the grain size and internal dislocation density in samples of the Al-0.5%Si and Al-7%Si after deforming to eight ECAP passes. It is clear that the grain size is much larger in the Al-0.5%Si alloy, and the dislocation density retained inside these grains is much lower, than in the alloy with high silicon content.
Mechanical testing results
The severe deformation process produced an important increase in the mechanical strength of the materials, not only in the Al-7%Si alloy, but also in the Al-0.5%Si alloy and in the aluminium used as reference materials. Fig. 8 gives examples of true stress -true strain tensile curves obtained on the Al-7%Si material when tested in the as cast state and after deforming by 10 passes of ECAP, illustrating this strength increase. The measured values of the yield stress are given in Tables 1 and 2 where the most pronounced increases are confirmed to occur during the first two ECAP passes. It is worth noting that the yield stresses measured in tension and compression showed no difference, neither did they show any change when compression testing was done with the compression axis along different directions. The data scatter given in the Tables represent the dispersion of data for the three tests carried out at each state. Fig. 9 shows the evolution of yield stress as a function of total strain by ECAP for all the materials examined. We note that, although the stresses are higher for the Al-7%Si alloy, the evolution is very similar for all three materials, that the stress increase is rapid for the first ECAP pass (and this increase is twice as high in the Al-7Si as in the Al-0.5Si), and that after a strain of 2 (three ECAP passes) there is only a small subsequent increase in stress for all materials. It is also worth noting that the stress values for the Al-0.5%Si alloy are practically the same as those obtained for the aluminium, within the few MPa of data scatter (see table 2 ).
A major difference in behaviour of the heavily deformed Al-7%Si compared with the as-cast state is the great increase in tensile ductility, from 4.5% in the as-cast state to 13% after severe deformation by ten ECAP passes, as seen in Fig. 8 . Here, it is also seen that the heavily 
Discussion
This discussion will examine the evolution of microstructure during severe plastic deformation by ECAP, as well as examine the evolution of corresponding strength and ductility. Emphasis is placed on the analysis of the behaviour of the Al-7%Si composite alloy, containing about 9% by volume of Si particles in an Al-0.5%Si matrix, and comparison made with the behaviour of the monolithic Al-0.5%Si and Al, in order to distinguish the role played by the coarse Si particles on structure evolution and strengthening.
Microstructure evolution:
Two aspects of microstructure evolution for the Al-7%Si composite can be examined, namely the changes of Si particles and changes of Al(Si) matrix. As shown in Fig. 1 and Table 1 , the as-cast structure is characterised by rather large and brittle Si particles arranged in a solidification cellular distribution between the original Al dendrites. During severe plastic deformation these coarse Si particles are broken into much finer, equiaxed particles (average size of about 4 μm initially to near 1-2 μm after very high strains, see Table 1 Tables 1 and 2 , with a high internal dislocation density, generally fairly randomly distributed. Following the initial few ECAP passes, then, the microstructure retains approximately the same morphology, of elongated single-cell blocky structures with a high internal dislocation density, with simply a gradual decrease in the block size at higher strains, see Tables 1 and 2 . While boundary misorientations are low during the initial strains, after high strains, above 2-3 passes, boundary misorientations become sufficiently high, increasing continuously at higher strain levels, that these can be regarded as subgrain/grain boundaries, and their contribution to hardening can be analysed using a Hall-Petch type of analysis [24, 25] . In the analysis of subgrain/grain boundary hardening, the grain width can be reasonably taken as the more relevant size parameter [6] since it is more closely related to the dislocation pile-up or stress concentration length for dislocations interacting with the boundaries. The high density of randomly or weakly cellularly distributed dislocations, in contrast, can be considered to contribute to hardening as though these are randomly distributed, using a Taylor type approach [25] . Accurate measurements of dislocation densities from TEM photographs, such as those of Fig. 3 and Fig. 7 , are difficult, whether images are taken in bright field or in weak beam conditions. Comparison of dislocation densities in Fig. 7 shows clearly the much larger dislocation density after deforming the Al- passes as compared with refinement to 0.8-0.5 μm) but also after much higher strain levels (between 4 and 8 passes -grain size reduction greater than 15% near 0.2μm for the composite, compared with reduction less than 10% near 0.3μm for the monolithic materials). The faster structural refinement for the Si particle-containing composite can be understood in terms of the high rate of production of dislocations near the large, undeforming particles and large local strain gradients [17] [18] [19] 26] . According to the strain gradient plasticity theory [26] , large numbers of geometrically necessary dislocations will accumulate during straining in the matrix surrounding the large, undeformable Si particles. The density of such dislocations (ρ GN ) is essentially proportional to the strain gradient, i.e. the amount of plastic strain (ε) divided by the microstructural scale (λ) over which this gradient is created (ρ GN = 8ε /3 bλ) .
Here, this gradient will be proportional to the shear imposed during ECAP (strain of 0.7 per pass) divided by the Si interparticle spacing (approximately 10 μm spacing between the bands of high particle density). The strain gradient plasticity theory thus predicts an increased density of geometrical dislocations of the order of 2 x 10 14 /m 2 -for the composite material over those generated in the monolithic materials. This high density of dislocations, distributed between the individual Si particles and between the particle-rich bands, is clearly a strong driving force for more rapid substructure generation, and for continued structural refinement with increased strain.
Mechanical properties:
Following the earlier discussion of the microstructure created by severe plastic deformation, it is clear that the materials examined can be treated as fine-grained materials composed of elongated subgrain/grain structures with a high density of internal, near-randomly distributed dislocations -for materials previously strained to high levels of strain. Strengthening can therefore be analysed using the combined hardening contributions of grain boundaries, by a
Hall-Petch approach, and of dislocations, by a Taylor approach. For materials strained by only a few ECAP passes the microstructure is less well defined and it is not clear how to characterise distributions of grains, subgrains or cells. At the same time as the deformation substructure refines, the Si particles refine in size, but remain very coarse and widelyseparated and do not become important dislocation obstacles for significant hardening (for example using an Orowan approach).
For the as-cast Al-7%Si composite, a possible way of analysing strengthening is through the use of a rule-of-mixtures approach, treating the material as a composite with hard, undeformable particles in a soft matrix. This approach seems reasonable since there is a relatively large volume fraction (9%) of strong, needle-plate-shaped particles, see Fig. 1e .
Hence, for the cast composite we can write:
where σ 0.2 is the yield strength of the composite, (1-f vp ) and f vp are the volume fraction of the matrix and particulate phase respectively, and σ m and σ p are the stress carried by the matrix and particulate at composite yielding. When the hard and stiff particulate are well-adhered to the matrix and do not deform plastically or fracture, yielding of the composite occurs as the matrix deforms plastically with the particulate forcing the surrounding matrix to deform more extensively locally. Load transfer to the particulate phase will be affected by factors such as the difference of elastic moduli at the interface [27] and local changes of matrix microstructure [28] . Accordingly, the yield stress of the as-cast Al-7%Si composite can be described from equ. (i) as: σ 0.2 = 90 = 0.91 (50 + σ th ) + 0.09 (σ tr ) (ii) where 90 (MPa) is the yield stress of the composite and 50 (MPa) the yield stress of the matrix (using data for the cast Al-0.5%Si, see Tables 1 and 2 ). σ th is the matrix hardening due to thermal expansion misfit of the particles in the matrix and the dislocations generated during cooling after solidification; σ tr is the stress transferred to the 9 vol % Si particulate. The Arsenault-Shi model [29] may be used to estimate the dislocation density induced during the final stages of cooling after solidification, depending on the temperature range over which thermal strains are accumulated and the difference of thermal expansion coefficients of matrix and particulate [30, 31] , and the strengthening contribution of these dislocations estimated For the Al-7%Si composite after severe plastic deformation, we prefer to use no longer the composite approach to analyse strengthening since the volume fraction of particulate (9%) is now present as fine and distributed equiaxed particles. As clearly shown by Boa et al [33] the strengthening achieved due to matrix-particulate incompatibility is negligible for such a microstructure. Since the dislocation hardening due to the distributed Si particles is very small (only a few MPa according to the Orowan equation), we can describe the material strength (σ 0.2 ) in terms of the matrix with its high dislocation density and fine grain size, as:
the sum of an undeformed matrix term (σ 0 ), a dislocation hardening term (σ ρ ), and a HallPetch term depending on the grain size D. Fig. 12 shows the Hall-Petch interpretation of the yield stress of the Al-7%Si composite. The Hall-Petch line shown for the composite material is determined from material deformed through the whole range from 1 pass up to 10 passes, but shows no change of slope between the more lightly deformed materials (1-2 passes) and the very heavily deformed materials, where the structure can reasonably be characterized by fine subgrains/grains with a high internal dislocation density. On the same plot are shown the yield stress data for the monolothic Al-0.5%Si material after processing by ECAP, where an identical Hall-Petch slope (within experimental error) is obtained, but a much lower intercept stress value. It may be recalled at this point that the data scatter on stress values was extremely small, about the size of the symbols used in Fig. 12 , while the determination of a representative grain size is difficult due to the dispersion of experimental data, as shown in the histograms of Fig. 4 . From such histograms it is clear that grain sizes varied within a given material and state by more than a factor of 2 around the median grain size value used in Fig. 12 . At the same time, however, the very small scatter of data points about the straight lines shown in Fig. 12 [34] [35] [36] , while the intercept stresses are larger than the measured yield stress of as-cast Al-0.5%Si (50 MPa, Table 2 In summary, the experimental strength of the highly deformed monolithic material is seen to be well explained by an intercept stress corresponding to that of undeformed matrix with some solute strengthening and a small dislocation hardening term, with significant grain boundary hardening described by a Hall-Petch expression. Strength of the composite is described almost completely by the behaviour of the matrix, with the dispersed, coarse particulate contributing only a very small amount to the overall composite strength. The strength of this deformed composite has three important contributions -the undeformedsolute strengthened matrix term, significant hardening by the high density of dislocations inside the grains, and significant hardening by the extremely fine grain sizes achieved in the composite. The dislocation hardening contribution appears to be approximately constant for all high levels of imposed strain, qualitatively consistent with the TEM observations. The strength of the as-cast composite is analysed through a rule-of-mixtures approach with some load transfer to the coarse particulate network, a matrix-solute term, essentially no grain size hardening term, and some hardening due to the thermally-induced dislocations.
Severe plastic defomation of the Al-7%Si composite leads not only to an increase in yield stress of a factor of three, but also an increase in ductility of three, from 4.5% to 13%, as illustrated in Fig. 8 . The ductility increase is, in addition, accompanied by a significant loss of work hardening ability, as is commonly observed for such severely deformed materials [6, 11] , which usually leads to some loss of ductility (seen for the heavily deformed monolithic materials in the present study). The reason for this ductility increase was the avoidance of premature brittle fracture, as occurred in the coarse-grained, as-cast composite with its very coarse Si particles. As seen in Fig. 1e and Table 1 , while the average size of the Si particles was 4 μm in the as-cast materials, some Si flakes, arranged in the cellular network, reached sizes above 20μm. Such coarse flakes were easy crack nucleation and propagation sites.
These flakes were broken into equiaxed blocks of size 1-2 μm by severe plastic deformation with no significantly larger Si particles. Such refinement of Si particles was a major reason for the increased ductility of the composite material, but at the same time the fracture surface observed after severe plastic deformation, Fig. 10 , showed a fine dimple appearance for the Al matrix, giving the impression of this being a healthier matrix than for the as-cast state.
Conclusions
The effect of severe plastic deformation by ECAP on microstructure evolution and changes of mechanical properties has been examined on an Al-7%Si composite alloy, and compared with changes occurring in an Al-0.5%Si monolithic alloy having the same chemical composition as the matrix of the Al-7%Si composite.
The initial dendritic structure of large Al dendrites and Si particles showed an inhomogeneous cell/subgrain/microband structure after deformation to relatively low strain levels, and was transformed at a high level of strain (above about 2) into a fine-grained structure consisting of elongated submicron grains/subgrains with a high density of dislocations inside the grains and a banded distribution of finer Si particles. The microstructure of the Al-7%Si composite was much finer, and the grains contained a higher dislocation density, than the Al-0.5%Si monolithic alloy, due to the strain incompatibilty between the soft Al matrix and the hard Si particles.
Hardening during the first ECAP passes was due mainly to the introduction of the inhomogeneous and poorly-formed dislocation structures and was much greater in the Al7%Si composite due to the many geometrically-necessary dislocations formed as a result of strain incompatibilty between the soft Al matrix and the hard Si particles. For high levels of strain, the composite remained much stronger than the monolithic Al-0.5%Si alloy due to the much finer grain size established in the composite and the higher density of retained dislocations.
The composite showed a significant increase in ductility as a result of severe plastic deformation, despite the loss of work hardening abilility typical of materials in such states, and is shown to be due to the break-up of the initial coarse Si particles and flakes into a finer equiaxed dispersion, and also the refinement of the matrix grain structure. 
